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FOREWORD

This interim report documents the results accomplished

during performance of Task A of Contract NAS8-26554, "Mass

Transport Contamination Study," Modification 1. The work was

performed by personnel in the Aeromechanics Department of

the Lockheed-Huntsville Research & Engineering Center under

Contract to NASA-Marshall Space Flight Center. The MSFC

technical monitor for the contract is E.E. Klingman, S&E-

SSL -PM.
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Section I

INTRODUCTION AND SUMMARY

Orbiting space vehicles lose mass to the ambient environment as a re-

sult of outgassing of spacecraft materials, dumping of waste products and

firing of attitude control reaction motors. Some of the lost mass will return

to the vehicle, where even very small amounts may significantly cloud space-

craft windows, contaminate experiment packages or otherwise interfere with

spacecraft operations.

In the highly rarefied environment at orbital altitudes, backscattering

due to intermolecular collisions will be a primary mode by which outgas

products will be deflected back onto the vehicle. The intermolecularcollisions

will be of two distinct types. First, they will occur between the outflowing

molecules and the ambient atmospheric molecules. The stream of ambient

atmospheric molecules will be highly energetic, corresponding to the orbital

velocity of the spacecraft. Intermolecular collisions of this type will conse-

quently tend to strongly deflect the outflowing molecules in the direction of the

ambient freestream. Second, intermolecular collisions will occur between

individual outflowing molecules because of differences in velocity (including

direction) of the individual molecules.

To provide an indication of the amount of backflow to be expected, a

theoretical analysis was performed based on the following simplifying assump-

tions. The spacecraft was assumed to be spherical in shape with the mass

flow emitting uniformly over the spherical surface at a constant rate and in a

D'Lambertian spatial distribution. The outflow gases were assumed to be

neutrally charged and of a single species with a molecular weight character-

istic of a composite of the actual species involved in the mass flow.

I-I
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The theoretical analysis showed that, for outgassing only, less than 1.5_/0

of the outgas products will return to the Skylab spacecraft as a result of inter-

molecular collisions. When the total mass flow from the spacecraft, including

waste dumps, reaction control motor firings, etc., was considered, it was esti-

mated that about 30% will return to the spacecraft. The latter result is based

on certain rather extreme simplifying assumptions.

1-Z

LOCKHEED-HUNTSVILLE RESEARCH & ENGINEERING CENTER



LA4SC-HREC D306000

Section Z

METHOD OF APPROACH AND DERIVATION OF EQUATIONS

Z.1 METHOD OF APPROACH

The highly rarefied environment under consideration is such that the

_low may be considered to be "nearly free molecular." In this flow regime,

the mean free-path between intermolecular collisions is large compared to

typical spacecraft dimensions, yet small enough to cause significant departure

from free molecular flow. The fact that the flow regime is indeed nearly free

molecular will be shown later for the Skylab spacecraft.

In this flow regime, the "first-collision" model approach of Baker and

Charwat (Ref. 1) is appropriate. Each molecule is considered to undergo a

maximum of one intermolecular collision prior to colliding with a surface, or

between two successive collisions with a surface. In the present applications,

this allows two classes of collisions to be considered: (1) between an outflowing

molecule and an ambient atmospheric molecule, neither of which has undergone

previous collisions; and (Z) between two outflowing molecules which have not

experienced prior collisions. Collisions between ambient atmospheric mole-

cules are neglected altogether since the frequency of such collisions is ex-

tremely small compared to that of the other two classes of collisions. Actually,

Baker and Charwat considered only class (1) collisions. Since it is difficult to

show that class (2) collisions are in fact negligible (Ref. 2), they will be con-

sidered in this analysis by using certain simplifying assumptions.

The first-collision approach considers the molecules to be smooth, hard

elastic spheres of some finite diameter. In the present analysis, the diameter

is made flexible depending on the relative velocity between collisions to account

for realistic temperature variations in viscosity.

2-1
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2.Z DERIVATION OF EQUATIONS

It is necessary first to determine the collision rate per unit volume that

occurs in the region surrounding the sphere. Next, a determination is made

of the number of colliding outflow molecules in an element of volume which are

deflected back in the direction of a given point on the surface. The total back-

flow flux at the given point is then determined by integrating over the half space

outward from the point on the surface. This is described separately for the two

classes of collisions in the following paragraphs.

2.2.I Scattering by Ambient Atmospheric Molecules

Consider the geometrical representation shown in Fig. I. The point on

the sphere surface at which the backflow flux is to be calculated is designated

Q, while a point in the field surrounding the sphere which is a source of back-

scattered molecules is designated P. For convenience Q is considered to be
--.t ==.t --=m .=A .=.t

in the i, j plane, where i, j and k are unit vectors in the direction of corre-

sponding rectangular coordinates with i pointing in the negative direction of

the ambient flow. The angle ¢ is the latitudinal displacement from the i

axis. In the primed coordinate system, 1 is in the direction of the radius

passing through Q, j" is in the i, j plane and k" is in the k direction. ¢' and

8' are polar coordinates about the i axis. Finally, r is the distance from the

sphere center out to P, while r' is the distance from Q to P.

The collision rate per unit volume,

is given by:

n, in the field surrounding the sphere

I I °fi = n n V -v e e-_e of) co

where n is the density field of outflow molecules, n is the density of the

ambient atmosphere, V is the ambient flow velocity, v is the velocity of
O0 e

the outflow molecules and o is the cross section for collisions between
e-oo

the outflow molecules and the ambient atmospheric molecules.

Z-Z
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k

Fig. 1 - Geometrical Representation of Scattering by Ambient
Atmospheric Molecules

2-3

LOCKHEED-HUNTSVILLE RESEARCH & ENGINEERING CENTER



LMSC-HREC D306000

The density field n of outflowing molecules at P is determined bye

n e = _

n

(z)

where qw is the outflow flux at the sphere surface, _w is the mean velocity

of the outflow molecules and the integration is over the solid angle u_ sub-

ten_ed by the sphere at P. We assume here that the variation in the density

field is due entirely to the diverging flow away from the sphere, and that

attenuation due to collisions may be neglected. This assumption is justified

by the mean free-path being much larger than the sphere radius, as is shown

later for the Skylab spacecraft.

Carrying out the integration in Eq. (2) yields

2 qw r - 4r 2 - R 2

ne - V r (3)
w

Referring again to Eq. (I), n is seen to be given by

2qwn iV -V Io _rZ R 2
,;" = oo __°° e e-o0 r- (4)

v r
w

Next, the directional distribution must be determined of scattering of

those outflow molecules undergoing collisions in an element of volume at P.

To do this, the velocity of the outflow molecules is assumed to be negligible

compared to the velocity of the ambient atmospheric molecules. The outflow

molecules may then be considered stationary with respect to the sphere. Con-

sider the hard sphere collision shown schematically in Fig. Z. For all collisions

in which the line of centers is in the solid angle element do, the stationary mole-

cule will be deflected into do on the opposite side of the stationary molecule.

The probability dP of the line of centers lying in dt_ is given by the amountc0

of sphere surface contained in dr0 projected in the direction of flow ratioed to

Z-4
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Ambient Atmospheric Molecule

V
00

\ ,_ _ _ StationaryOutnow
Molecule

Fig. 2 - Schematic of Hard Sphere Collision

oo
v

Fig. 3 - Diagram for Scattered Flux Due to Collisions
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the sphere cross section:

2
a du) cos(x

dP - cosa - d¢o (5)
a

Now, referring to Fig. 3, the flux dqbis found of scattered outflow

molecules from collisions in volume element dV at P and crossing surface

element dA at Q. Surface element dA is oriented at angle _ to the line join-

ing P and Q, and Q is at a distance r'from P.

dV cos_..___q_d_0

_r h coso cos_ dV (6)d qb = ,2 cosl3 =
r dw rr r' Z

Referring again to Fig. 1, the flux dqb of backscattered outflow mole-

cules at Q is

where the volumetric integral is carried out over the portion of the half space

outward from dA at Q which is also forward of Q in the negative direction of

the external flow (recall from Fig. 2 that molecules are scattered only in the

foPwar_ direction).

Before Eq. (7) is evaluated for arbitrary if, the integration is performed

at ¢ = 0 and at ¢ = r/Z.

-qb, o 4 n V aoo oc e-oo

qw

_/z

S c°sZ¢ sin*'S (r-  r'd¢ (s>
o o

The radial distance

as follows

under the r' integral sign is a function of r' and

r = (R 2 + Z cos_' r' R + r'2) I/2

#

(9)

2-6
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The difficulty of performing the integration is lessened greatly by approxi-

mating the expression under the r' integral sign by the following simpler

expression:

r - - ,_, 1
_ - _ + (10)

The close agreement between the two expressions is shown in Fig. 4.

Equation (8) now becomes

qb, o 2 n V R f= oo _ °e-oo 2¢, '
qw %- J COS sine

0

dF' d'_'
de'x

1 + Z cos¢' ?' + /z
o 1 + Z cos_' 7' +'_"2

(II)

where 7' = r'/R. The group of constant factors preceding the integral signs

may be rearranged and expressed in terms of certain dimensionless param-

eters widely used in rarefied gas dynamics:

2n V o R r-- SbO

00 _ e -O0 = _ e -00v _n o
w co

(IZ)

where S b is the ambient velocity ratioed to the most probable thermal velocity

of the outflow molecules at the surface temperature, Knis the ambient mean

free-path ratioed to the sphere radius, and Oe_o0/a0o is the cross section for

collisions between outflow molecules and ambient atmospheric molecules

rattoed to the cross section for collisions between individual ambient atmos-

pheric molecules.

2-7
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2 3 4 5 678910

r/R

Fig. 4 - Approximate Expression RZ/r 2 + R6/r 6 Compared to Exact

Expression 2(r - Vr 2 R2)/r

2-8

LOCKHEED-HUNTSVILLE RESEARCH & ENGINEERING CENTER



LMSC .HREC D306000

The integrals over r in Eq. (11) are given as follows:

oO

d?' ___
1 +2 Cos_?'+_'Z = sine'

O

(13)

oo

_d__:
o (1+Zcost_'+_'Z)3-

cos_' 3cos_'
4 sinZ¢ '- 8 sin4_ '

(14)

Equation (1 1) now becomes:

_S b o
qb, 0 = 7/" e-oo

qw Kn o

_/z

4

O

/z ¢' cosZ¢ ' de' + _ //Z
3

00
O O

r/z

sin_ d - g sin3_,

_- Sb
3= 2- 8 rr ae-oo

oo

de'

(15)

For ¢ = _r/2, making use of the results of Eqs. (10) and (lZ) through (14),

Eq. (7) becomes:

=/z =/z

qw - ._'_- Kn a0o
o o

sin¢'cos¢'

¢,+ 3___ 1 cos_' 3 _ de'

I

x 8 sin4¢! 4 s_n¢' - 8 sin3¢,J

or

qb,_r/Z = 15

qb, O Z(3 Z _ 8)
= 0.3471

S b °e_oo

Kn a
oo

(16)

(17)

Z-9
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For general ¢, the integration of Eq. (7) becomes much more tedius. The

anglc a is expresscd in terms of @, @' and 0'as follows:

= - {}'a cos I (cos@ cos@'- sin@ sin@' cos ) (18)

Recall that the volumetric integral in Eq. (7) is carried out over the portion of

the half space forward of Q in the negative direction of the external flow. This

is equivalent to requiring that 0 <_ a <_7r/2. For 0 <_ @ <__/2, Eq. (7) becomes:

T

Is 0/q__b_b= l Sb °e-0c (cos@ cos@'

qw _ "Kn oo0 o o

- sin@ sin@" cos0') cos@'

(¢' 3 __:x +g .4
sin

7r/2 7r

+/f
-1

x

4 sin@'¢'
_ _3 ¢o_¢'_ de' de'

8 sin3@,]

____(_ COS
2

(4+! ¢'_
8 sin4¢,

(COS@ COS@'- sin@ sin_' cos{}')cos_'

1

tan@ tan@'

1 cost' 3 _o___'_de' I4 sin@' - g sin3_4 d_'
(19)

Performing the integrations over O' reduces Eq. (19) to:

qb I Sb °e-oe

qw _ Kn Ooo

_r/2

/
_/z

- cos¢ f

2¢, (¢, + 3 __ 1 cos_' 3 cos¢_ de'
cos 8 sin4@, 4 sine'- 8 sin3 b,]

-i , (4 3_£ lco_'cos tan@ tan¢'c°sZ¢' +8 sin4@, 4 sin@'

2-10
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_/z

+ costf

2-¢

Vtan2¢ tanZ_ '- 1 cos2_ ' (4/ _o_.q_' 3 _o,¢_d,_, /8 sin4_, 8 sin3_,J

The first integral in Eq. (20) is identical to the integral in Eq. (15):

/2 (¢
cos2¢, ,+3___£ icosg 3co___ de 3_z - 8

8 sin4_ ' 4 sine' - "8 sin3_ ,] = 48
o

(Z0)

(Zl)

After some algebraic manipulation is performed,

the flux at ¢ = O, Eq. (20) then becomes:

and expressing in terms of

tan (_- ¢')

V tan 

qb, o 1 , _r(3_r,, - 8)3 2-¢ }x sine cos¢ (_ +_ _ _I cos_' 3 cos_' ] d_'
sin4¢, 4 sin4f 8 sin3¢,]

- Itan(_- ¢'Icos tan_

(zz)

To allow integration in closed form,

sign is approximated as follows:

the first factor under the integral

tan2(_ - ) tan(_ ¢') - I - )

1 - tan@ cos tan¢
tan2¢

_. tan(_-¢') tan2 ;r ¢'
-- I = _ (_- )
-- - 2 tan¢ + (_- I) tan2¢

(23)

The approximation was obtained by fitting the quadratic equation to match

¢')/tan¢' 0 and 1 and the first derivative at x = O.end points at x = tan(_- =

2-11
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Very close agreement between the exact and approximate expressions is shown

in the comparison in Fig. 5.

Equation (22) may now be expressed as follows:

qb - cos_ + 48 in* sin#' cos*'

qb, o f(31r 2 - 8) ---_

(_, _ _/_,. __.o__;_ _o__ _,
x + 8 sin4, _ sin_' - 8 sin3, ,]

-[zC°S4 7j/Z

K- 4,
2

+ (_ - 1)

2

_, (_,+____L _oo,_'_co__/ _,
cos 8 sin4, , - 4 sin*' " 8 sin3,,/

sin*' *' 3_ _' 1 cos_' 3 COS_'
sin *

(24)

The first integral is seen to be identical to the integral in Eq. (16) for

= 7r/2, while the other two integrals drop out due to the cos* factors. Also,

all three integrals drop out at * = 0 due to the identity of the limits of inte-

grations, leaving the first term equal to unity. At * = 0 and ;r/Z, therefore,

Eq. (24) reduces to the previous results for those particular points.

Carrying out the integrations in Eq. (24) yields:

qb /
- (cos4 +

qb, o A 48 Isin_ _.,) sin2,
_r(31r2 - 8) 2

+,

1 3 _r tan2,---_Z_-tan*) 3- _ sin2* +_ (_ cos

2-12
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O

y %/I x 2 -1= - - X CO8 X

Z
y = I - _./Zx + (_- l)x

1.0

0.5

Fig. 5 - Approximate Expression I -

Expression _I - x 2 - x cos-lx

_r x z
x + (_- l) Compared to Exact

Z-13
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V

cos$ E"$
-_ - (_- )sinZ¢ -¢ Z - _ sin2_ +_tan2_ (_-_) tan_ -

+ (_-I)c°'s-_I_2 (3(_-_)tan4_-3sin4) tan3_ +tan_

- '- /' -]I>+ 2 sin24 - 5 - (g- _1 incos_ - g (g- _) sin2_ - Incosx d (25)

O

There remains now only the task of evaluating the integral of the incosx.

To accomplish this, incosx is approximated as follows:

-x 7r2

(_-_/ 2 -4 2
incosx _ in +_-x -_ x (36)

.___ 2

This expression was obtained by matching the end point values and the first and

second derivatives at x = 0, and requiring the limit of the ratio of the two ex-

pressions to approach unity as x --*-Tr/Z. Good agreement is shown in the

comparison of the two expressions in Fig. 6. Performing the integral Fields:

° F 27r 1 - 2__¢) In(l -Z 2 1 Cg 7r -4 ¢3

o

(27)

Combining this result with _,q. (25) yields the final result for 0 < _ < 7r/2:

qb, o =(3_ -8)

]
1

sin2_ + 3 7rtan2_ _ _ _ tan_)l
- _- _"(_ cos2_ J

cos_ F_r_ Ir _2 1
8 - (_ - _) sin2_ - - _ sin2_

L

2-14
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Fig. 6 - Comparison of Approximate and Exact Expressions for Incosx
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d" _tan2_ (_ - _) tan_ l + (_- I)co.s_ l 3(_ ° ,)tan4, - 3 tan 3, + tan_
sin¢

,) I 7r , (( 2,)in(l 2 2 ,1+ z sinZ¢- 5 - (_- ¢)lncos,-_ (_-¢) ,inz, +_- 1-¥ -; ¢I +

?}'I ¢2, __2._.4 ¢3 > (z8)"_ 62

For _r/2 < ¢ < _. Eq. (7) becomes

qb 1 Sb ae-o0

qw %_- Kn oo0

x -cos_b -l 1 Z¢,cos tan_ tan4f cos _'

_Iz-_
8 sin"4_, 4 sin_ 8 sin3,'/

+ cos_!z__ _tan% ta_d- 1 COSZ¢'(¢'+_ sin4,, T sing' - "8"sin3,,/
(Z9)

where _= 7r- ¢ . Comparing Eq. (Z9) to Eq. (Z0) reveals the two equations to

be identical except for the absence in Eq. (29) of the first integral in Eq. (20),

and the substitution of _r- _ for ¢. The results obtained for 0 < _ < w'/Z can

be used, therefore, to obtain results for I"/Z < _ < _r:

= qb, z'-_ _ cos(_r-¢)

qb, o qb, o
(30)

Note that the results for _b > _r/2 ignore the absence of scattering in

the "shadowed" volume behind the sphere. This is of no real consequence,

Z-16

LOCKHEED- HUNTSVILLE RESEARCH & ENGINEERING CENTER



LMSC-HREC D306000

however, since, as is shown in the following paragraph, the calculated back-

scatter flux rapidly decreases as _ increases beyond r/2.

The variation in backscatter flux with _, as determined from Eqs. (17)0

(28) and (30), is given in tabular form in Table 1_ and graphically in Fig. 7.

Table 1

VARIATION OF BACKSCATTER FLUX WITH ANGULAR DISPLACEMENT

ON SPHERE (INTERACTION WITH AMBIENT ATMOSPHERE ONLY)

(deg

5

I0

15

20

25

3O
35

40

45
5O

55

60

65

70

75

8O

85

9O

.9963

.9857

.9689

.9466

.9193

.8877

.8522

.8134

.7717

.7276

.6816

.6341

.5856

.5365

.4875

.4391

.3920

.3471

o

(deg)

95

i00

105

II0

115
120

125

130

135

140

145

150

155

160

165

170

175

180

qblqb.

.3049

.2655

.2287

.1945

.1630

.1342

.1081

.0849

.0646

.0474

.0331

.0217

.0130

.0070

.0030

.0009

.0002
0

O

2-17
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Z0 _-
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/

Fig. 7 - Variation of Backscatter Flux with Angular Displacement on Sphere
(Interaction with Ambient Atmosphere On1¥)
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2.2.3 Scattering Due to Collisions Between Outflow Molecules

It will be assumed for the moment that the contribution to the backscatter

flux due to collisions between individual outflow molecules is small compared

to that due to collisions with ambient atmospheric molecules. This assumption

will be shown later to be essentially true when outgassing alone is considered.

The truth of this assumption justifies the use of certain simplifying assumptions

in the derivation of the backflow due to self-scattering which would otherwise

be considered somewhat extreme. The assumptions will produce conservative

results in that the calculated values will be greater than would be the case with-

out the assumptions. In addition to the usual first-collision assumptions, it is

assumed that the outflow molecules contained in an element of volume are com-

posed of two groups, with the two groups traveling in opposite directions at

their mean thermal velocity. The collision rate per unit volume is determined

from the collisions between these two groups. In addition, it is assumed that

the scattered molecules resulting from these collisions flow outward from the

volume element with a spherically symmetrical directional distribution.

Based on the above assumptions, the collision rate h per unit volume is

given by :

n n

e e -- (31)
r_ - 2 " _ ° (2 vw) oe-e

where
e-e

Making use of Eqs. (3) and (lO) yields:

Z
2 qw °e-e

h =
v

w

is the cross section for collisions between outflowing molecules.

(3Z)

Now, referring again to Fig. 3, the flux dqb of backscattered molecules from

collisions in volume element dV at P and crossing surface element dA at Q is

fi c°sl3 (33)
d qb - ,2

4_rr

2-19
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Using Eq. (32) and integrating over the entire half-space outward from dA at

a point Q on the sphere surface (refer again to Fig. 1) yields:

qb

qw ,2 I;% °_:eR/ ,in4co,_' d2_'

" i I+ 2f d'{' + d?' d¢" (34)

The grouping of parameters preceding the integral sign in Eq. (34) may be

considered an inverse Knudsen number characteristic of self-scattering:

qw Ue-e R

v
W

-I
Kn

e-e
(35)

The integrals over ?"in Eq. (34) are as follows:

dr" _ 1 _' , cos_'
O "(I + 2 cos_''r'+?"2) 2 2 sin3_ ' 2 sin2_ ,

(36)

O(9

/
o (_ oo_0'_,+_,,-)_ ,_._o,,,_..._o_,

s __._' 1 __._'
16 sin6$, - _ sin2_,

(37)

o0

f d__/'
(i+z cos¢_,+_,2)6O

63 _' 63 cos_
256 sinll_, 384 sin8_,

21 cos_' 9 cos_.'

160 sin6_ , 80 sin4_,

1

10

63 cos_'

256 sinlO_ ,

(38)

2-20
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Using Eqs. (36) through (38), Eq. (34) now becomes

qb

qw

,/z _/z

Kn-I Ilf ,fe-e 0 sinZ¢' - g sin-----¢' dO'
0

5 c°sZ0' dO' 5 --5 0' _ d¢'-_ -g
+ g sin6¢ ' sin3¢ '

O O O

1 _/2 z_6f12f c°_Z4dO' + ¢ cos,/ dO"
- _ sin0' sinl00,

o O

2_ j _-_9_,
o o

- o _-[_-_rdO'

O

co__q._'_,_ f/_
sin50 '

O

cos___' dO'
sinS¢ '

cos2_ '

sinT¢ '

COS z ' ..t
cos_ a_
sin30 '

dO'

(39)

Carrying out all of the integrals in Eq. (39) would be extremely laborious

and, considering the assumptions involved in the derivation of this equation,

rather unprofitable. For this reason, only the first term within the brackets

in Eq. (34), and, hence, the first two terms in Eq. (39), will be retained in the

following development. Carrying out the integration of these terms yields

qb 4 -_

qw 4

-i
Kn (40)

e-e
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Section 3

APPLICATION TO SKYLAB SPACECRAFT

A typical configuration of the Skylab spacecraft, with the Apollo Tele-

scope Mount (ATM), is shown in Fig. 8. An equivalent size sphere would be

roughly 15 to Z0 m in diameter. For purposes of this analysis, an equivalent

diameter of Z0 m (or a radius of 10 m) is assumed.

The operating altitude of the Skylab spacecraft is 435 kilometers. At

this altitude, the ambient mean free path is 1.38 x 104m (Ref. 3), and the cir-

cular orbit velocity is 7640 m/sec. The spacecraft surface temperature will

vary widely, ranging between about Z35 and 380°K, depending upon position in

orbit and other parameters. Assuming a surface temperature of 500°K and a

molecular weight of Z4, the most probable thermal velocity of the out/lowing

molecules is 456 m/sec. Based on the above data, the ambient Knudsen number,

Kn, is 691 and the speed ratio S his 16.7.

The collision cross section C;e. _ will vary depending on the relative

velocity between the colliding particles. This variance is reflected in the

temperature variation of viscosity. For hard sphere molecules, the viscosity

is proportional to the square root of temperature and inversely proportional

to the cross section (Ref. 4). Conversely, the effective cross section may be

considered proportional to the square root of temperature and inversely pro-

portional to viscosity. This is expressed as follows:

(7 I" (n-½)
ae - 00 e -_

= (41)
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Fig. 8 - Schematic of Typical Configuration of Skylab Spacecraft Showing
Approximate External Dimensions
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m

where T is an effective temperature corresponding to the relative velocity
e-00

between colliding molecules, a is the viscosity at a reference temperature

T*, and n is the exponent in the power-law variation of viscosity with temper-
s

ature. Based on molecular data in Ref. 4, a value of 43.0 x 10 "16 cm Z for a

at temperature T $ = 300°K is assumed, and a value 0.8 for the exponent n.
-16 Z

From atmospheric data in Ref. 3, u = 41.9 x I0 cm . The effective temper-
o0

ature T can be defined in a number of ways, all of which should be based
e-oo

on a proportionality with the square of the relative velocity. We will define

it as follows:

-- I M V 2 (42)
Te-oo- 3 i% oo

g

where M is the average molecular weight of the colliding molecules and R
g

is the universal gas constant. This expression is based on the mean-square

velocity relationship to temperature for a Maxwellian gas. Te_00 is thus

found to be 50,200°K. Based on the above data, the cross section ratio ae_o0/

a is found to be 0.22.
o0

Using the values which were obtained for Kn, S b and ae_0o/aQo, the

dimensionless factor defined by Eq.(12) is found to be 0.00665. This factor

be considered an inverse Knudsen number Kn__0o_ = R/Ae_oo characteristicmay

of collisions between outflowing and ambient molecules. The characteristic

mean-free-path Ae_o0 is seen to be much greater than the sphere radius, thus

justifying the assumption of nearly free molecular flow.

Using the above results and Eq. (I 5), the backscatter flux at _ = 0, due

to interaction with the ambient atmosphere, is now found to be 0.003, or 0.3%,

of the outgas rate. If the collision cross section had been considered constant

*/and unaffected by the relative velocity, the cross section ratio ¢ye_oo/a0o =

a = 1.13, and the resulting backscatter flux would be 1.5% of the outgas rate.
o0
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From Eqs. (35) and (40) it is seen that the fractional intensity of back-

flow due to self-scattering is dependent on the outgas rate. First, assume

an outgas rate based on an estimated 30 kg/day total weight loss rate for the

Skylab spacecraft. Based on the I0 m radius for the equivalent sphere, this

amounts to an outgas rate of 2.77 x 10"8g/cmZ/sec. Recall that this quantity

includes waste dumps, attitude control reaction motor firings, etc., in addition

to outgassing. This assumed value is actually about three orders of magnitude

greater than that which could be expected for simple outgassing.

From Eq. (35), the inverse Knudsen number Kn "I for self-scattering
e-e

is found to be 1.39. The characteristic mean-free-path, therefore, is about

0.67 of the sphere radius. This mean-free-path value is of marginally satis-

factory magnitude for the first-collision assumptions used in the analysis.

From Eq. (40), the backscatter flux due to self-scattering is found to be 0.30,

or 30%, of the outgas rate. This value is quite large, and, in view of the

lumping together of such contributions as waste dumps and reaction motor

firings, the question arises as to the validity of the results.

Waste dumps and reaction motor firings occur itermittently and at

rather high instantaneous pressures compared to the average, assuming a

continuous discharge. The flow regime, therefore, is actually much more

nearly continuum than free molecular, and the mass flow returning to the

vehicle is more likely due to direct jet impingement than to intermolecular

collisions.

A typical outgas rate for spacecraft materials is 3.9 x I0 "ll g/cm2/sec

for BBRC "one" paint, air dried (Ref. 5). For this outgas rate, and still

assuming M=Z4, K_ei_e- is 2.4x 10 "3. The mean-free-path is now about 400

times the sphere radius. This is well within the nearly free molecular flow

regime. From Eq. (40) the backscatter flux due to self-scattering is found to

be 0.0005, or 0.05%, of the outgas rate.
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Section 4

CONCLUDING REMARKS

The derivation of equations in this study is fairly rigorous for back-

flow due to interaction with the ambient atmosphere. Some rather extreme

simplifying assumptions were made, however, for the case of self-scattering.

When outgassing alone is considered, the contribution to bacldlow due to self-

scattering is found to be fairly small, about an order of magnitude smaller

than that due to interaction with the ambient atmosphere. The rather extreme

simplifying assumptions for self-scattering, therefore, are found to be justified.

When all forms of mass flow from the spacecraft, including waste dumps,

reaction motor firings, etc., are averaged together into a single continuous out-

flow rate, the density of this averaged outflow is sufficiently high that self-

scattering is found to far overshadow interactions with the ambient atmosphere.

The simplifications made in the analysis of self-scattering, therefore, great/y

reduce the accuracy of the calculated backflow. Also, as was pointed out in the

preceding section, the primary mode of backflow onto the spacecraft from waste

dumps and reaction motor firings is probably direct jet impingement rather than

inte rmolecular collisions.

Considering outgassing alone, only a small fraction, 1½%0 at most, of the

outgas products return to the spacecraft as a result of intermolecular collisions.

For some outgas products, even this small amount may significantly contaminate

sensitive experiment packages. Considering the total outflow (waste dumps, re-

action motor firings, etc.), a rather large fraction, about 30%, was estimated

to return to the spacecraft. This is certainly a significant quantity; however,

questions of accuracy of the analysis, and even its applicability to waste dumps

and jets, should be considered in evaluating the results.

4-I

LOCKHEED- HUNTSVILLE RESEARCH & ENGINEERING CENTER





LMSC -HREC D306000

Section 5
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